Introduction
============

Reading is a complex oculomotor and cognitive activity whose exact mechanisms are still poorly understood. It is presumed to involve several steps that are conventionally separated into low-level and high-level processings.[@b1-opth-9-1785] The first begins at the moment of visual capture of written words and stops at the beginning of character identification in the occipital lobe. Though beginning with the retinal capture of the written text and image transmission along the optic pathways, the process additionally involves specific competences of extrinsic and intrinsic eye muscles to ensure correct focus, saccades, and fixation. The second process, primarily cortical and cognitive and still poorly understood, corresponds to the semantic decoding of words and sentences.[@b2-opth-9-1785]

Several theoretical models have been proposed to describe the low-level process.[@b1-opth-9-1785],[@b3-opth-9-1785],[@b4-opth-9-1785] This phase initially assumes that ocular fixation occurs precisely at a particular location of the word designated as the center of gravity.[@b5-opth-9-1785] It is slightly displaced to the left relative to the geometric center of the word. It is the object of a motor-driven binocular retinal fixation associated with a cognitive-based focalization of attention.[@b1-opth-9-1785],[@b3-opth-9-1785] Despite the required accuracy, the visual axes are not precisely centered on this exact point and often leave a space of more than one character between them, which is in turn often accompanied by a slight vertical displacement.[@b6-opth-9-1785] As soon as the partial decoding of the word appears to be sufficient enough to be completed without additional information, the focus of attention will transfer to the next word even though retinal fixation, subject to oculomotor constraints, remains on the center of gravity. This transfer of attention is probably guided by a parafoveal preview and could be the source of programing for the saccade requisite for binocular fixation on the next word. The process would thus continue in a serial fashion to enable decoding of the entire sentence. The automation and precision of the process would be gradually improved by the introduction of a cerebral lexicon as reading capacity increased.[@b7-opth-9-1785] Oculomotor function and the cognitive processing of what has been read are therefore intimately entwined throughout the decoding and understanding of a text.

The precision of the position of the center of gravity and of the attention given during low-level processing intuitively leads to a need to understand the mechanisms that control visual-spatial location during reading. They certainly depend on the retinal projection of the center of gravity and also on the perception of the position of the eyes during decoding.[@b8-opth-9-1785] This position is coded from the efferent oculomotor control information and from the afferent proprioceptive information originating in the eye muscles, without us really knowing the relative importance of each of these two elements. Ocular proprioception would be primarily used for error correction, as is necessarily the case when learning.[@b9-opth-9-1785]--[@b11-opth-9-1785]

Ocular proprioception's role may not be considered in isolation since it is integrated into the rest of the body's proprioceptive system.[@b12-opth-9-1785],[@b13-opth-9-1785] This proprioceptive coupling may in turn associate with multisensory feedback, notably of vestibular, stomatognathic, and cutaneous origin, to regulate postural control.[@b14-opth-9-1785],[@b15-opth-9-1785] Several studies have shown that it could be altered in children with developmental dyslexia.[@b16-opth-9-1785]--[@b20-opth-9-1785] Dyslexia is a disruption in learning to read which is defined as "a specific learning difficulty that mainly affects the development of literacy and language, characterized by difficulties with phonological processing, rapid naming, working memory, processing speed, and the automatic development of skills that may not match up to an individual's other cognitive abilities."[@b21-opth-9-1785] The dyslexic population is heterogeneous with three clinical types of dyslexia: -- Surface: difficulty in recognizing the visual form of written words, especially if they are irregular.-- Phonological: a specific inability for handling speech sounds and the grapheme--phoneme conversion.-- Mixed: combining the two types of anomalies and which is the most frequent.[@b22-opth-9-1785]

A disorder of postural regulation may be responsible for the clinical presentation known as the Postural Deficiency Syndrome (PDS). Certain authors attribute it to a proprioceptive dysfunction.[@b23-opth-9-1785] In these patients with nonspecific pain and no apparent lesion, we note the presence of a low-level vertical heterophoria (VH) characterized by its lability. This term expresses the fact that certain specific actions on postural sensors distant from the eye (mouth, foot, proprioception of the paravertebral muscles or of the muscles of mastication) may radically alter the VH.[@b24-opth-9-1785] Their origin is unknown. Their disappearance after specific treatment is accompanied by a significant decrease in pain symptoms and an improvement in the results measured on a postural platform.[@b25-opth-9-1785]

In addition to the results determined on the postural platform, all dyslexics appear to present clinical signs of PDS.[@b26-opth-9-1785] Its treatment improves reading speed and some decoding capabilities in dyslexics.[@b27-opth-9-1785] Analysis of postural data, recorded in a group of dyslexic children, also shows a positive correlation between postural improvement and the ability to focus attention.[@b28-opth-9-1785] Poor integration of proprioceptive information plays a role in the postural dysfunction of these children.[@b29-opth-9-1785] It is possible to counter this dysfunction by changing the visual information through a specific action on the oculomotor system.[@b29-opth-9-1785]

Given the presence of postural disorders in dyslexics and the presence of VH described in the PDS, it seems logical to investigate whether dyslexics have labile VH. This research will be done keeping in mind that VH is a common phenomenon present in \>20% of the general population with no specific clinical signs.[@b30-opth-9-1785]

Methods
=======

Participants
------------

Sixty-four children were recruited from a pediatric ophthalmological consultation. They were tested within the guidelines of the Declaration of Helsinki, with the informed consent of their parents. They had a visual acuity of 20/20 in both eyes. The study was an observational clinical study with no therapeutic intervention and therefore did not require approval from the Ethics Committee.

The inclusion criteria for the dyslexics were a childhood history of dyslexia with a documented diagnosis, a past history of speech therapy, and a score of at least 24 months of literacy retardation on the Written Word Identification Test (WWIT/TIME 3 test).[@b31-opth-9-1785] This test, spread over eight grade levels in 1,806 children, identifies the decoding skills and the comprehension and spelling of 40 words for children aged 7--15 years using eight subtests. The result is given in months of deviation from a database corresponding to children of the same age. For dyslexic children only, using the Odedys Battery helped classify the characteristics of dyslexia by assessing the reading of regular words, irregular words, pseudowords, and phonological capabilities.[@b32-opth-9-1785]

Children with the following visual features were excluded: strabismus with or without surgery, orthoptic rehabilitation in progress, reeducated amblyopia, refractive error \> ±0.50 diopters (D) based on evaluation with cyclopentolate, stereopsis always better than 100 arcsec, and organic abnormalities of the anterior or posterior segments. Other, more general, exclusion criteria were delayed or abnormal psychomotor development, IQ \<85, a history of neurological, psychiatric, or genetic disease, orthodontic treatment in progress, and children under psychotropic treatment, especially drugs from the phenylethylamine group or antiepileptics.

A total of 42 dyslexic children (22 males and 20 females) aged 118.5±12.9 months participated in the study and were compared with a control group of 22 nondyslexic children (eleven males and eleven females) aged 112±9.8 months. The average age, 99.4±11.9 months, of the dyslexic reading group on the WWIT/TIME 3 test could be established in 28 of the dyslexics. The other 14 had significant delays far below the minimum values for their age. The average value for normal readers is 129.1±21.5 months (*F*(38.56), *P*\<0.0001) with a homogeneous distribution across all grade levels and sexes. Of the 40 items, the mean level of identification of written words is 19.3±6.4 and 31.3±4.4 (*F*(62.64), *P*\<0.0001). On Odedys tests, interpretable in all dyslexics, of 20 items shown to dyslexics, reading is correct for 15.6±3.6 regular words (mean time =50.3±24.4 seconds), 8.8±5.3 irregular words (mean time =59.4±35.5 seconds), and 13±3.6 pseudo-words (mean time =52.7±26.4 seconds). Of the ten items for each of the two meta-phonological tests, the average score was 7.5±2.5 for the test to delete the initial phoneme and 7.4±2.0 for the acronyms test. Within the 42 dyslexics, 14 had surface dyslexia, four had pure phonological dyslexia, and 24 had mixed dyslexia.

Experimental procedure
----------------------

### Visual assessment

It consists of a visual acuity measurement with a cycloplegic refraction. The assessment of stereoscopic vision (Test of Netherlands Organisation for Applied Scientific Research \[TNO\] test) is completed by a standard and alternating cover test and identification of the dominant eye using the hole method (the patient holds a sheet with a hole in its center at arm's length and must aim for a light through the hole while rapidly approaching one of the two eyes).

### Labile VH measurement using the Maddox postural test

The adjective postural attached to Maddox test is the protocol described below in order to distinguish it from the classic Maddox test used in the normal strabismus practice. It is performed with a red Maddox rod, consisting of 17 biconvex cylinders that give enough convergence to transform the image of a point of white light into a red line perpendicular to the cylinder axis. The patient then sees two dissociated images from the light source: a red horizontal line through the Maddox rod and a colorless light point in direct vision. The light is placed 4 m from the subject at eye level. It must be emphasized that it must be very small so that the red line caused by the Maddox screen is as thin as possible (the surface of commonly used fixation points should be reduced to obtain a size of 1.2 mm). The streaks are positioned parallel to the vertical axis of the eye (and must accompany the eye when the subject tilts the head on the shoulder). The test is performed for each of the two eyes starting with either the right or left and leaving a time of 1 second between each eye so as to provide a moment of binocular fusion. The child must reply, without changing the position of the tongue, by directing the thumb horizontally, up, or down indicating that the red line has been seen, respectively, in the exact center, above, or below the light. A clear illustration will explain what is expected of them by specifically emphasizing the difference between an oblique line and a line located above or below ([Figure 1](#f1-opth-9-1785){ref-type="fig"}). For the clinician, this test is the simplest and the most effective way to measure the low-amplitude VH, and its effectiveness is comparable to methods using more invasive measures.[@b33-opth-9-1785]

The test was performed using seven precise conditions to successively stimulate different postural sensors. The oblique muscles are then solicited by positioning the head on each shoulder (Bielchowsky Head Tilt test \[BHTT\]). These maneuvers are used to uncover a possible unilateral or bilateral dysfunction of the oblique muscles whose torsional action is closely linked to postural reflexes.[@b34-opth-9-1785]--[@b36-opth-9-1785] The seven conditions always follow the same order. -- Condition 1: patient sitting in a spontaneous and natural position, without plantar support. The position of the tested eye is noted as vertical orthophoria (VO), hyperphoria, or hypophoria. Measuring the potential VH is performed using vertical prisms from 0.25D to 1.00D in increments of 0.25D. If no prism perfectly corrects the VH, the value of the last prism that leaves the red line in its original position and the first prism that passes the line above or below (or vice versa) the light is recorded (for example, VH between 0.25D and 0.50D when the red line was initially under the light, remained when interposing a 0.25D prism, and passed over the light with a 0.50D prism).-- Condition 2: sitting straight up without plantar support. This position changes the spinal proprioception.-- Condition 3: condition 2 but with the tip of the tongue firmly touching the central retro-incisor papillae. This contact stimulates recovery of a corporal postural reflex related to contact with the lingual and palatine mucosa.[@b37-opth-9-1785]-- Condition 4: condition 2 with lips tightly serrated. The stimulation of the facial nerve during this movement has an antagonistic action on the trigeminal nerve (Bratlawski reflex), of which the upper branch carries ocular proprioceptive information.[@b38-opth-9-1785]-- Condition 5: condition 2 with the tip of the tongue planted against the lower incisors to mechanically stimulate periodontal ligaments that may be involved in one aspect of the feeling of body ownership.[@b39-opth-9-1785]-- Condition 6: standing in a natural position to add the information from the plantar sole with the mouth also in a natural position.-- Condition 7: condition 6 with a foam insole between the foot and the ground to decrease proprioceptive plantar information.[@b40-opth-9-1785]

At the end of this first part of the test, an index of lability is created. It corresponds to the number of times, as a result of the stimulation of one of the sensors, the type of VH has changed when compared to the previous stimulation. Sensors whose stimulation eventually leads to VO of both eyes are also listed in [Table 1](#t1-opth-9-1785){ref-type="table"}.

The postural Maddox ends by seeking the effect on VH or VO of a bilateral BHTT with the subject in condition 1. If the red line ascends, superior oblique hypertonia is suspected. Hypertonia of the inferior oblique will distance the red line downward from the light. Looking for a variation in height in adduction is not done since the results are not reliable due to the minimal values of VH when measured in the primary position.

### Measuring torsion (cyclotropia)

The presence of subjective torsion is determined using the double Maddox rod test performed with a Maddox white glass and a Maddox red glass, the latter always being placed by convention before the left eye. The two glasses are mounted in a trial frame with a level to ensure that the measurement takes place with the head in a strictly vertical position.[@b41-opth-9-1785] A vertical prism of 6D placed in front of the right eye limits the possibilities for fusion. The patient is then asked to report when the white and red lines appear to be parallel. The difference in angle between the two lines, visible on the trial frame graduations, indicates how much torsion is present. A photograph of both eyes is taken using a non-mydriatic fundus camera, keeping the patient's head strictly vertical (use of back and forth motion from one eye to the other to ensure that the sight is always aimed at the center of the pupil). The photos are used to measure the angle of the line joining the fovea and the center of the optic disc with the horizontal line through this point (Solidworks™ program, Dassault Systèmes, Paris, France).[@b42-opth-9-1785] The difference in torsion between the two eyes is noted.

### Correcting VH using prisms

If the patient is not constantly in VO during the successive stimulations of the Maddox postural test, he (or she) is put back in condition 1 for a prism test. The choice of prism is made according to the rules established as a function of visual characteristics (presence of pseudo-directional scotoma detected with the synoptophore) and evaluation of the tonicity of postural muscles (cervical and hip rotator muscles).[@b43-opth-9-1785] This choice is justified in that VH is not considered to be a purely ocular dysfunction but a result of information from within the entire postural system.[@b24-opth-9-1785] The presence of hyper or hypophoria of an eye does not determine the choice of prisms. The important thing is to attain VO associated with a symmetric tonicity of the corporeal muscles controlling posture.

The examination begins with a study of cephalic rotation and extension. If the rotation is limited on the side where the extension is shorter, we propose a trial with prisms having a base at 125° in front of the right eye and at 55° in front of the left eye if lower oblique hypertonia is present.[@b23-opth-9-1785] In the presence of superior oblique hypertonia, we use prisms with a base at 235° before the right eye and at 305° before the left eye. The power will be 2D for one eye and 3D for the other eye, the stronger prism placed on the side where the head rotation is decreased.

If head rotation is limited on one side and extension is shorter on the opposite side, a search for directional pseudo-scotomas is mandatory.[@b23-opth-9-1785] These are zones of total or relative losses (decreased contrast) in visual perception that appear during bilateral versions on the synoptophore examination.[@b44-opth-9-1785] The examination should be carried out with large patterns (The Clement Clarke G3--G4 cage patterns and lion image). The lighting of the test patterns must be absolutely minimal (no 1). The patient is asked to look at the images of the two patterns and report if all or part of an image fades out as "if an eraser was used to remove some color from the images". The test is done with the right and left visual axis at 20°, 30°, and eventually 40°. The angle at which the scotomas appear is logged. -- If the pseudo-scotomas appear at the same version angle, the prisms are tested as described above, the side of the strongest prism being selected from the results of a test on the hip rotators. This osteopathic test assesses the stretch resistance of the external rotator muscle groups of the thighs by imparting a passive internal rotation to the feet. The subject is placed supine on an examination table with gaze in the primary position and arms extended. The practitioner simultaneously and slowly imposes internal rotation of the right and left lower limbs. A symmetrical rotation indicates that the prism normalizes postural tone.-- If the pseudo-scotomas appear at version angle *X* on one side and at angle *X*+10° on the other, an oblique prism will be tested unilaterally on the eye measuring *X*+10°.-- If the pseudo-scotomas appear at version angle *X* on one side and the angle *X*+20° on the other, a horizontal prism of 2D or 3D will be tested unilaterally on the eye measuring *X*+20°.

If the VH is not reduced during the test, the axis of the prism is changed by rotating in 5° increments, always starting with the strongest prism, just until VO is obtained. Conditions 2--7 are then retested with the prisms in place to verify the stability of the resulting effect and determine the new index of lability. The sequence is the same for the BHTT, right, left, and for the double Maddox rod test (but without interposing a vertical prism to separate the two white and red lines, the subject indicating that the two lines merge in the absence of torsion). Specifically for this study, we also attempted to correct any VH with a vertical prismatic correction in order to compare its effect to the oblique corrections.

[Table 1](#t1-opth-9-1785){ref-type="table"} reveals whether the prismatic correction results in a permanent VO, whether one or more sensors are required in addition to prisms to obtain a perfect VO, or if some sensors disrupt the previously obtained VO.

### Horizontal heterophorias and convergence

They are uncovered for distance vision using the same equipment with the streaks of the Maddox rod placed horizontally. The convergence is measured for near vision in centimeters using the Mawas ruler; the divergence was not measured.

### Statistical analysis

Data were described using mean ± standard deviation for quantitative variables, frequency, and percentage for ordinals and qualitative variables. Comparisons of means were conducted with one-way ANOVA, and comparisons of percentages with *χ*^2^ or their nonparametric equivalent like Wilcoxon test or Fisher's exact test if required. Correlation between quantitative variables was measured using the Pearson's coefficient test. α was equal to 0.05. Double entry of data was made on Capture system and analyzed with SAS Version 9.3 by the Department of Biostatistics of the Medical Evaluation Chair ESC, Dijon.

Results
=======

Vertical heterophoria
---------------------

There is no difference between the two groups with respect to ocular dominance (*χ*^2^=2.01, *P*=0.15). No child had visible eye movement on the alternating cover test. Sitting completely relaxed without pedal support, only 4.8% of dyslexics have normal VH if we adhere to the physiological value of 0.25D proposed by Van Rijn.[@b45-opth-9-1785] The VH of the remaining 95.2% is always \<1D. Despite this very low value, only two dyslexics have a VH that can be precisely corrected using vertical prisms in increments of 0.25D. All others are either undercorrected or overcorrected when tested with this type of prism. Among the normal readers, 68.2% have a normal vertical phoria. The difference between the two groups is extremely significant (*P*\<0.0001).

Torsion and the BHTT
--------------------

Examination with the double Maddox rod reveals significant torsion in dyslexics. It is on average 1.9°±0.9° in comparison to 0.1°±0.4° in the normal readers group, with only one actually having a detectable torsion (*F*(72.91), *P*\<0.0001). When it presents, it is always an excyclotorsion of the left eye. The five dyslexic children who will have bilateral superior oblique hypertonia at the BHTT did not present, with the exception of one case, any detectable intorsion or extorsion.

There is a difference, on retinophotography, in torsion between the two groups. Contrary to what is observed for the right eye (*F*(2.53), *P*=0.12), the excyclotorsion of the left eye in the dyslexic group was significantly greater than that of the normal reader group (*F*(4.90), *P*=0.03). The double Maddox rod and the retinal photographic results had no statistically significant link (*R*=0.17, *P*=0.42). Retinal photographs did not reveal incyclotorsion in either group.

During the BHTT, the effect of tilting toward a shoulder is significantly different for the two groups (*χ*^2^=36.62, *P*\<0.0001). In normal readers, it was in fact positive for only 27.3% of the 22 children, while the vertical deviation is changed in all, except one, of the dyslexic children (97.6%). In the dyslexic group, the deviation appears during tilting toward the two shoulders in 27 of the 42 children (64.3%). Hypertonia of the two inferior oblique muscles is the cause in 75% of cases (15 cases), and hypertonia of the two superior oblique muscles is the cause in the remaining 25% (five cases). When hypertonia is different for each of the two eyes (seven cases), the patient most often (six out of seven cases) presents the combination of left superior oblique and right inferior oblique hypertonia. If, during the BHTT, deviation appears for only one eye (33.3%), it is most often the left eye (64.3%). In the group of normal readers, if a deviation appears, it is the left inferior oblique muscle that is hypertonic (85% of cases with deviation). A unilateral superior oblique hypertonia was observed in only one case.

Lability
--------

If we look at the lability level together with postural sensors, we find that lability is always present for dyslexics and absent for 81.9% of normal readers (*P*\<0.0001). For the 18.1% of normal readers with lability, the level is low, always \<3. It meets or exceeds this value in 73.8% of dyslexics rising to 5 (26.2%) and 6 (11.9%). The difference manifests itself when eliciting the Bratlawski reflex (*P*\<0.05), with stimulation of the lower dental ligaments (*P*\<0.01) and with stimulation of the isolated plantar sensor (*P*\<0.01) or with the foam insole (*P*\<0.05).

The level of lability is independent of the age of dyslexics (*F*(0.70), *P*=0.62) or sex (*P*=0.44). It is not related to ocular dominance (*P*=0.45). In the dyslexic group, there was no significant relationship between torsion and lability (*F*(0.405), *P*=0.84) whether measuring with the double Maddox rod or with fundus photography (*F*(0601), *P*=0.70). This lack of a relationship stood for examinations of either the left or the right eye (*P*=0.50). Lability is not dependent on the initial position of the eye behind the Maddox rod (*P*=0.47), the value of VH (*P*=0.36), or the power of the prism able to correct it when under condition 1 of the test. It also does not depend on the results of the BHTT except if there is left lower oblique hyperactivity (*P*=0.01).

Heterophorias and horizontal convergence
----------------------------------------

In contrast to the normal readers group, the presence of a low-level (2±1.2D) esophoria characterizes children (81%) of the dyslexic group when fixating for distance vision (*χ*^2^=30.2, *P*\<0.0001). It improves with oblique prisms (*P*=0.04), but the change is moderate, since only half of the initially esophoric dyslexics become orthophoric or slightly exophoric. The esophoria on distance fixation is unexpectedly partnered with a very reduced punctum proximum of convergence (11.5±2.8 cm). It improves significantly with the use of prisms but still remains below that of normal readers (9.7±1.8 cm vs 7.1±2.2 cm, *P*\<0.0001).

Prism effect on VH
------------------

In the group of 42 dyslexics, we were able to suppress the VH in 39 children (93%) when they were in the relaxed sitting position without plantar support. For 31 dyslexics, normalization was achieved using bilateral prisms only to relax the inferior oblique (26 cases) or the superior oblique (five cases). When hypertonia of a superior oblique and an inferior oblique is present, it is the effect on the feet convergence test that indicates which oblique muscles to relax. The prisms for the left and right eyes are always of unequal power (2D and 3D). If prisms with their base in the superior-lateral position are used to release the lower obliques, the axes of the prism base are 125°±10° for the right eye and 30°±10° for the left. When an action on the upper obliques is sought, the axes are 240°±10° for the right eye and 320°±10° for the left. It was possible in just two cases to suppress the VH interchangeably with either bilateral oblique prisms or a unilateral vertical prism. The latter must always be placed before the dominant eye. In eight cases, the stimulation of a postural sensor in addition to the oblique prisms was required to obtain VO.

There was no significant mathematical relationship between the value of the VH and the prismatic combination used (*P*=0.49). The initial rate of lability does not affect the possibility of prismatic correction, either oblique (*P*=0.77) or vertical (*P*=0.19), even when we have to stimulate a sensor to obtain VO (*P*=0.22).

In the normal readers group, suppression is achieved in a significantly different manner (*P*=0.002). In seven patients with VH, five cases responded to treatment with a vertical prism and the remaining two cases corrected with oblique prisms. Complementary stimulation of a postural sensor was never required to obtain VO in this group.

VO lability corrected by prisms
-------------------------------

After prism placement, the average level of lability of the dyslexics decreases significantly from 3.75 to 0.3. Lability disappeared completely in 33 dyslexics. It was still present in nine dyslexics with a value of 1 for five of them and an average value of 3 for the others with the stomatognathic sensor then usually at fault. During the BHTT, unilateral VH reappears in seven dyslexics and three dyslexics have a phoria on bilateral tilt. Lability that sometimes persists in the dyslexic group is independent of the initial lability (*P*=0.15).

In the normal readers group, when obtaining VO required the use of prisms, there was no corporeal sensor-induced lability. Only two cases retained lability on only one shoulder during BHTT.

If we analyze each of the postural sensors, the lability of dyslexics equipped with prisms becomes identical to that originally found in the normal readers group (*P* between 0.47 and 1 for different sensors). This is also the case for changes occurring during the BHTT (*P*=0.38).

Prism effect on torsion
-----------------------

Torsion (using the double Maddox rod test) is corrected by prisms in 81% of dyslexic children with the level becoming similar to that found in normal readers (*P*\<0.0001). Only eight dyslexic children have a residual torsion of 2.1°±0.2°. VO could not be achieved in half of these children. Due to technical constraints, retinal photographic assessment of torsion with prisms is not feasible.

VH and reading skills
---------------------

There is no significant relationship between the value of the VH and the delay in reading capacity measured in months (*P*=0.24), the type of dyslexia (*P*=0.24), and the various Odedys tests (*P*-value is always \>0.05). Whether measured with the double Maddox rod and with retinal photography, the torsion angle is unrelated to the reading level (Pearson coefficient, respectively, 0.11 and −0.10). It is the same for the type of dyslexia (*F*(1.195), *P*=0.31 and *F*(0.792), *P*=0.46), the reading level, and the various Odedys tests (*R* is between −0.23 and 0.10 and *P* is always \>0.05 for these three elements).

Whether appearing upon stimulation of postural sensors or during the BHTT, lability is not correlated with the type of dyslexia (*P*=0.17), reading delay (*P*=0.95), the type of errors on WWIT/TIME 3 test, or the various Odedys tests (*P* is always \>0.05).

Discussion
==========

Labile VH in the dyslexic
-------------------------

Very little research has been done in dyslexic children on vertical movements and deviations or on cyclophorias and torsions. Only vertical phorias visible on the cover test with deviations \>3D have been evaluated.[@b46-opth-9-1785] They are no different from those found in nondyslexic children. The unique study characterizing the vertical eye movements of the dyslexic fixating on a moving target showed a longer lag time, with reduced gain and speed, as well as a higher rate of anticipatory and express saccades.[@b47-opth-9-1785] As in the normal reader, saccades are slower and hypometric when looking up and faster and hypermetric when looking down. In the dyslexic, however, lag time is more important when looking down, suggesting dysfunction of muscles having a vertical action.

Our work represents the first study of small VH in the dyslexic. When the highly specific requirements of the examination, as described, have been followed, all dyslexics present a very particular VH, which differentiates them clearly from normal readers (*P*\<0.0001): -- It is constant and independent of the type of dyslexia.-- It is mild, usually between 0.25D and 0.75D, and not detected on a simple cover test. However, it is relevant if we accept the physiological value of 0.10D--0.16D proposed by Van Rijn et al.[@b45-opth-9-1785] Despite its low level, the patient is not able to voluntarily compensate for it. This is almost always unchanged with the use of vertical prisms of very low power.-- It is labile. This lability appears during specific stimulation of sensory receptors known to be involved in postural regulation. The change is qualitative (modifying a VH or VO). Lability is also expressed quantitatively during the BHTT. The lability index is high.-- It seems to represent the vertical translation of an imbalance in tonicity of the oblique muscles. Indeed, it is associated with subjective and objective torsions and often changes during the BHTT. In addition, the prisms used for correction act primarily on the oblique muscles, and the rare possibility of correction by a vertical prism fails to suppress the lability. BHTT shows that it is most often due to hypertonia of the lower oblique muscles and also rarely to a blocking in the superior oblique muscles, which evokes the picture of a minimal Brown syndrome.-- The use of bilateral oblique prisms, selected on the basis of the ophthalmological data and also from the study of postural tone, corrects VH, lability, and torsion in the vast majority of cases. The prismatic correction is only effective when relaxing the hyper-tonic muscles bilaterally and asymmetrically, with axes that rarely correspond to the theoretical axis of the muscles' insertions. This suggests that orbital anatomical factors may be involved in the pathogenesis. In some cases, correction is impossible. In other cases, it can be attained through stimulation of the superior oblique muscles during head tilting on the shoulder or with complementary stimulation of a postural sensor.

Torsion in the dyslexic
-----------------------

With the exception of one child, the double Maddox rod test consistently reveals torsion in the dyslexic group. It is of low amplitude but separates significantly the dyslexic group from the normal readers group (*P*\<0.0001). Left-side excyclotorsion is the most common result on the double Maddox rod test, whereas fundus photography shows a significant number of right-side excyclotorsions. This could be related to the fact that at the moment the photo is taken, the measurement corresponds more to a phoria than to torsion since the image formed by the two eyes is completely dissociated. The difference in values, sometimes considerable, from those found with the double Maddox rod also supports this hypothesis.

Torsion measured with the double Maddox rod almost always disappears with the placement of oblique prisms and exceptionally with the use of a vertical prism. This seems to confirm the link between torsion and VH and the highly probable role of the vertical component of the oblique muscles in the genesis of the VH. It is certainly important that the torsion is corrected to optimize the quality of reading because torsional eye alignment is essential in order to obtain stereoscopic perception.[@b48-opth-9-1785] The effect of a tonic imbalance in the oblique muscles may be even more important in the reading position because torsional deviations are exaggerated in downward gaze when superior oblique muscle function is altered.[@b48-opth-9-1785]

In the scientific literature, there is much less research on cyclovergences that could offset torsion than on horizontal convergence. Physiologically, cyclovergence is zero in the primary gaze position. It is, on the other hand, highly solicited for the normal reading position since the eyes have a tendency toward extorsion in downgaze.[@b49-opth-9-1785] Physiologically, when a disparity appears, adaptation by cyclovergence is slower than the adaptation by vertical convergence. It is less effective for excyclodisparities than for incyclodisparities.[@b50-opth-9-1785] This adaptation is also dependent on horizontal convergence. It is reduced in our group of dyslexics, confirming results previously shown in other studies.[@b51-opth-9-1785] In healthy subjects, cyclovergence is however, very effective because when it occurs, the result is an almost perfect symmetry between both eyes, the difference being only 0.07°.[@b52-opth-9-1785]

The visual feedback from a retinal image does not intervene in its quality.[@b49-opth-9-1785] For some authors, this is proof that the participation of the oblique muscles in the maintenance of high-quality fusion depends more on postural reflexes than on information from retinal images.[@b34-opth-9-1785] This reinforces the idea of a relationship between torsion, VH, and dysfunctional postural control in the dyslexic.

The link between VH and torsion in the dyslexic
-----------------------------------------------

The presence of torsion does not mean that the vertical rectus muscles are not at all involved in the VH. Torsion and vertical fusion are indeed closely linked, in part because the vertical rectus muscles and the oblique muscles have a common control center in the nuclei of the diencephalon. This is certainly why the experimental creation of a vertical deviation by the interposition of a vertical prism of 1.5D always provokes concomitant torsion associated with a compensatory vertical movement.[@b53-opth-9-1785] The detected vertical phoria could therefore also correspond to a global dysfunction of muscles with a vertical action with the relative responsibility of the rectus and oblique muscles differing according to the position of gaze. The movements of vertical vergence and cyclovergence, and also horizontal convergence, are indeed very intricate, especially in tertiary gaze positions that are highly solicited when reading on a horizontal table. This position solicits convergence and downgaze with a different depth for each eye when scanning the text. Gaze position and horizontal convergence are thus constantly variable. All vertically acting muscles are then solicited. If adduction is provided by the medial recti with help from the inferior recti, depression is obtained by a synergy between the inferior recti and the superior oblique muscles. The rotation caused by the inferior recti and by the superior oblique muscles must cancel each other out. It would have been interesting to calculate VH and cyclophorias in near vision and in downgaze. This was not possible with the proposed technique because in near vision, diffraction through the Maddox screen greatly enlarges the red line and prevents precise evaluation of the displacement with the light. A similar constraint has prevented accurate measurement of horizontal phoria variations in near vision.

The BHTT, used to determine the choice of orientation of the oblique prisms, is very informative concerning the relationship between VH and torsion. While horizontal vergence is the only one under voluntary control, there are involuntary couplings between the conjugate position of the eyes, the horizontal vergence, and head position when guiding vertical vergence and cyclovergence.[@b51-opth-9-1785] Vertical ocular equilibrium therefore also depends on the position of the head. Therein lies the possibility of a link with the PDS that is characterized by a slight rotation and discrete lateral tilting of the head.[@b26-opth-9-1785] In this position, information originating from the inner ear provokes opposing ocular movements with excyclotorsion on the side opposite to the head tilting and incyclotorsion of the eye closest to the shoulder. This reflex reaction is largely due to action of the inferior oblique muscles that have the capacity to compensate for 10% of cephalic inclination. The ipsilateral eye, through the action of the superior oblique, has a tendency to depress, while the other eye has a tendency to elevate via the action of the inferior oblique. However, under normal physiological conditions, the difference is quasi-null for distance vision since the compensation is stable in all gaze positions.[@b54-opth-9-1785] This compensation is more fragile for near vision making oculomotor equilibrium more difficult to maintain while reading.[@b55-opth-9-1785],[@b56-opth-9-1785] In the dyslexic group, the difference appears quasi-systematically on both shoulders in the form of unilateral or bilateral oblique muscle hyperactivity. In the normal readers group, this effect is found in only 18% of cases. The dyslexic's oculomotor reaction on the BHTT establishes an additional link between VH and the presence of a globally dysfunctional proprioception in the dyslexic patient. Cervical proprioception, when involved in the compensatory oculomotor reaction, is in effect closely linked to plantar as well as paravertebral muscle proprioceptive information.[@b57-opth-9-1785],[@b58-opth-9-1785]

Significance of VH in the dyslexic
----------------------------------

The constant presence of a very low-level labile VH associated with torsion raises the question of its significance with respect to reading difficulties in the dyslexic. Indeed, if there is a clear relationship between the presence of a labile VH and that of dyslexia, our study shows that its characteristics are not correlated to the different tests assessing reading delay.

Lability is a central feature of VH in the dyslexic and is similar to that which was found during the PDS found in patients suffering from chronic pain.[@b24-opth-9-1785],[@b59-opth-9-1785] Its addition to the clinical presence of PDS found in all dyslexics establishes a relationship between dyslexia, proprioception, and postural control.[@b26-opth-9-1785] This relationship helps to better understand the observed improvement in some aspects of reading in dyslexics when postural control is improved.[@b27-opth-9-1785],[@b60-opth-9-1785] Improved attention in the dyslexic, released from a nonautomated constraint on postural regulation, may play a role.[@b28-opth-9-1785]

Lability establishes a link with the cerebellum in which anatomical particularities are found in dyslexics.[@b61-opth-9-1785] Functionally, the cerebellum is part of the neural network of reading and some cerebellar lesions cause difficulties in the decoding of written language.[@b62-opth-9-1785] For oculomotor function, the relationship between VH and the cerebellum could be fairly straightforward. Indeed, cerebellar disorders are often associated with a poor capacity to adapt to vertical phoria. We can then find a horizontal-eye-position-dependent vertical skew deviation that appears identical to what is obtained with unilateral ocular occlusion (the occluded eye starts elevation during abduction).[@b63-opth-9-1785] Furthermore, the cerebellum is strongly involved in postural control by integrating visual (magnocellular pathway), vestibular, somatosensory (such as skin receptors), and proprioceptive (muscular and articular receptors) information.[@b64-opth-9-1785]

VH and postural regulation
--------------------------

In the dyslexic, postural regulation has been the subject of several studies with somewhat contradictory findings. The effect of postural disorder on dyslexia could therefore be interpreted through a diverse genetic mechanism with no real causal relationship.[@b65-opth-9-1785],[@b66-opth-9-1785] However, when tested on a force platform, dyslexics show greater instability with eyes either opened or closed.[@b17-opth-9-1785],[@b18-opth-9-1785] Disturbances concern both spatial and temporal constants.[@b67-opth-9-1785] The ability to focus attention, impaired in the dyslexic, could participate in this imbalance.[@b29-opth-9-1785],[@b68-opth-9-1785] It is however, less apparent in older dyslexics.[@b69-opth-9-1785] Conversely, a lack of automation of postural regulation may impair cognitive performance for tasks requiring attention.[@b70-opth-9-1785] The interdependency between vision, eye movement, and the cerebellum is often cited to explain postural disorders in the dyslexic. The imbalance is indeed very dependent on visual information and may vary depending on whether the information originates centrally or peripherally, whether the eyes are in motion or stationary, and also on imposed (voluntary) eye movements.[@b19-opth-9-1785],[@b68-opth-9-1785] This dependence on the manipulation of visual information seems to be independent of any association with a cognitive task but varies as a function of ocular vergence.[@b71-opth-9-1785] The use of high-power horizontal prisms or lenses disrupting accommodation has a negative effect.[@b72-opth-9-1785] We note however that postural control can be improved by the use of very low-power oblique prisms (2D--3D) correcting VH.[@b28-opth-9-1785],[@b29-opth-9-1785] The presence of VH also alters postural balance in young healthy adults. Those presenting with a low-level VH (distance fixation) are less stable than those in VO, and VH correction improves postural stability.[@b73-opth-9-1785] Conversely, experimental placement of a 2D prism, base inferior, before the nondominant eye causes an increase of anterior--posterior body oscillations with fixation at any distance. Placed in front of the dominant eye, the effect is reversed but only for fixation at a distance of 2 m.[@b74-opth-9-1785] The vertical convergence induced by the presence of the prism confirms that the reaction is modulated by ocular dominance.[@b78-opth-9-1785] The role of retinal dominance could be influenced by ocular proprioceptive information.[@b10-opth-9-1785] In accordance with what we suggest for the dyslexic, other authors propose that low-level VH is not a reflection of an ocular pathology but of a disruption in the somatosensory and proprioceptive control pathways involved in postural regulation.

VH and proprioception in the dyslexic
-------------------------------------

In the visual cortex, which appears to be different in the dyslexic even before learning to read, proprioceptive information is taken into account.[@b76-opth-9-1785] Experimentally, ocular proprioception is indeed capable of modifying, functionally as well as anatomically, the microscopic structure of the visual cortex. In animals, muscle elongation causes an activity that is specific to the direction of movement. This activity disappears with the removal of proprioceptive information by anesthetic infiltration into the muscle.[@b77-opth-9-1785] The section of the trigeminal nerves, which transport ocular proprioceptive information, disrupts the appearance of columns for orientation in the visual cortex and the establishment of ocular dominance and of a normal binocular vision.[@b78-opth-9-1785] In cats, visual activity in area 18 varies as a function of ocular proprioception. This area has a different structure in the dyslexic even before the acquisition of reading skills.[@b76-opth-9-1785]

In the association areas, a high-quality multisensory integration is necessary for the acquisition of reading skills. While previous research has already demonstrated deficits of auditory--visual integration, the role of ocular and corporeal proprioception has not yet been investigated.[@b79-opth-9-1785] Its participation in the spatial localization of ocular and auditory sensory information logically suggests that it could play a role in multisensory integration. The spatial--sensory coincidence is in fact an important factor in this integration.[@b80-opth-9-1785],[@b81-opth-9-1785]

The importance of VH in the dyslexic
------------------------------------

Because of the relationships that seem to exist between VH, proprioception, and postural control, we propose that the VH in dyslexics can be read in the light of two ideas: -- From a purely ocular standpoint, lability causes an inconsistency in the phoric deviation during stimulation of postural sensors. This could hamper the establishment of stable oculomotor compensation strategies. The abduction caused by hypertonic oblique muscles could also be involved in the deregulation of convergence and saccades. However, our study clearly shows that there is no significant relationship between the different reading tests and the characteristics of labile VH. To clarify whether they have a minimal role per se in the disruption of the primary mechanisms of reading in the dyslexic, video-oculographic recordings of VH and associated ocular displacement would be necessary.-- From a more general standpoint: in the same way that it was described in the PDS, VH lability, obtained from stimulation of postural sensors, may be considered evidence of a dysfunction of the sensorimotor system that controls posture and balance. The backbone of this system is proprioception, given its role in the localization of body parts and of sensory information.[@b57-opth-9-1785],[@b82-opth-9-1785] In the presence of proprioceptive dysfunction, the resulting spatial--sensory incongruence could have a negative effect on the development of the high-level auditory--visual integration requisite to the acquisition of reading skills.[@b80-opth-9-1785],[@b81-opth-9-1785] Furthermore, whether it is of ocular or systemic origin, proprioception modulates visual attention.[@b83-opth-9-1785],[@b84-opth-9-1785] There is a deficit of this modulation in the dyslexic.[@b85-opth-9-1785] This deficit, along with labile VH and torsion, appears to cross the gap between surface and phonological dyslexia.

Conclusion
==========

Dyslexics have low-level VH associated with cyclotropia. This feature distinguishes them clearly from normal readers. The essential feature of this VH is its lability. VH does in fact vary during stimulation of the sensory receptors that intervene in postural regulation. Lability is detected by following a very specific protocol. The presence of cyclotropia, instability on the BHTT, and the type of prisms required to correct the VH suggests that VH may be the vertical effect of asymmetric hypertonia of the oblique muscles. There is no statistical relationship between the amplitude or level of lability of VH and the different parameters used to explore the reading skills of dyslexic children. It is the same for the amplitude of cyclotropia. The direct role of VH in the oculomotor disorders of dyslexia would therefore be limited. On the other hand, VH and cyclotropia could represent a global indicator of proprioceptive dysfunction responsible for attention disorders and high-level multisensory disturbances due to the poor spatial localization of visual and auditory information. Further work exploring multisensory perception, the relationship between proprioception and visual attention, and the effect of the correction of VH is needed in dyslexics.
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![How to indicate the position of the line without changing the position of the tongue.\
**Notes:** Thumb up represents red line above the light, horizontal thumb represents red line strictly in the center of the light, and thumb downward represents red line under the light.](opth-9-1785Fig1){#f1-opth-9-1785}

###### 

Index of lability

  Conditions                  \(1\) Sitting in natural position   \(2\) Sitting straight up without plantar support   \(3\) Tip of the tongue firmly touching the central retro-incisor papillae   \(4\) Lips tightly serrated   \(5\) Tip of the tongue planted against the lower incisors   \(6\) Standing in a natural position   \(7\) Standing in a natural position with a foam insole                               
  --------------------------- ----------------------------------- --------------------------------------------------- ---------------------------------------------------------------------------- ----------------------------- ------------------------------------------------------------ -------------------------------------- --------------------------------------------------------- -- --- -- --- -- --- -- --- ---
  Points for lability index   0                                                                                       1                                                                                                          1                                                                                                   0                                                            1      0      1      1   4

**Note:** Each time that the type of VH changes as a result of the stimulation of one sensor (when compared to the previous stimulation) gives 1 point.

**Abbreviations:** VH, vertical heterophoria; O, line in the middle of the light; h, line over the light; H, line under the light; VO, vertical orthophoria.
